ABSTRACT In smart cities, a large number of smart sensing devices face the problem of limited portable battery capacity, which limits the working lifetime of smart sensing devices. However, wireless energy harvesting is an effective means to prolong their lifetime as soon as they are rechargeable. Most existing methods (e.g., mobile charging vehicles and dedicated power-beacons) are vulnerable to the smart sensing devices in complex terrain and difficult to care for all the charged objects. Moreover, they have high hardware maintaining cost. Therefore, we present a novel incentive architecture based on the dynamic charging to improve the lifetime of the cell-edge smart sensing devices. It leverages smart terminals carried by users as chargers to first provide wireless energy to a set of cell-edge smart sensing devices and then collect data from these sensing devices. Also, the smart terminals collecting data will act as forwarders, which will help the sensing devices transmit data to the data center through the base stations. The challenge is how to incentivize a smart terminal to act as both a charger and a forwarder. We propose the non-cooperative game for a set of smart terminals to address this issue, which can make these smart terminals get a satisfactory return and let the corresponding smart sensing devices improve their working lifetime. We conduct extensive simulations and demonstrate the effectiveness of our incentive architecture with the numerical results.
I. INTRODUCTION
There are a large number of smart sensing devices in smart cities, where the vast majority of them have limited operation time since they are powered by portable batteries [1] , [2] . The lifetime of smart sensing devices can be prolonged by replacing the batteries, but it may be time-consuming, laborious, costly, even impossible (e.g., for sensors implanted in monitored objects) [3] . To extend such smart sensing devices' lifetime, wireless rechargeable sensors have been widely implanted in smart sensing devices. Therefore, such smart sensing devices can obtain power supplies by wireless energy harvesting.
Mobile charging vehicles moving in smart cities may be used as energy transmitters to wirelessly power smart sensing devices, but it is still difficult to cover all the smart sensing devices. Moreover, it is easy to cause traffic congestion.
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In traditional wireless powered cellular networks, dedicated power-beacons are deployed to charge rechargeable wireless devices. However, the charged devices need to be close to the charging sources. Obviously, most smart sensing devices do not have such condition.
Due to the large number of users carrying smart terminals (e.g., smart phones, tablets, laptops) and large coverage from mobility of users [4] , [5] , there are abundant potential adjacent charging sources around different geographical distributed smart sensing devices, which can serve as chargers to recharge smart sensing devices.
Bluetooth protocol has become the standard configuration of smart terminals. Bluetooth 5.0 series modules have been widely used in smart home, smart wearable devices, automotive equipment, sports and fitness equipment, instrumentation, remote control and other fields. In the future, it will extend to all aspects of smart city perception.
For small amounts of data that need to be reported periodically, for example, perceived urban air quality data, urban pipeline system status monitoring data, public building structure monitoring data, urban bridge structure monitoring data, if a smart sensing device is equipped with LPWA (Low Power Wide Area) interface (e.g., General Packet Radio Service (GPRS), or Narrow Band Internet of Things (NB-IoT)), it will be able to easily report such perceived data to the data center via cellular base stations [6] , [7] .
However, as the number of such reports increases, the battery life of the smart sensing device will be reduced step by step. Especially, if it is far away from the base station or at the edge of the cell coverage area, it will use up its battery energy faster and may cause greater interference between adjacent cells [8] , [9] .
If such a smart sensing device is equipped with a Bluetooth interface and also there is at least a smart terminal with a Bluetooth interface nearby, the smart terminal is possible to charge the smart sensing device, where the premise is that the smart terminal has sufficient battery capacity and is willing to provide charging service in exchange for its expected revenue.
For a smart terminal with convenient energy supplement, it is willing to use its energy to exchange its expected revenue, such as free traffic access to the base station. However, mobile operators will not provide free access service to the smart terminal. In fact, the operator (or owner) of the smart sensing device will pay for the smart terminal, since it can get the benefits from the longer working lifetime for the smart sensing device.
In this paper, we propose an incentive architecture to motivate each smart terminal to wirelessly power smart sensing devices and then collect the data from the recharged smart sensing devices, where the collected data will be forwarded to the data center via the cellular base station. The operator (or owner) of smart sensing devices will calculate the reward for the forwarding terminal based on the amount of forwarded data.
From the point of view of the operator (or owner) of smart sensing devices, it wants its managing smart sensing devices to report the perceived data to the data center by prioritizing the use of the energy harvested from the chargers. If the harvested energy meets the transmission demand of perceived data with a basic length, the energy of smart sensing device itself will be saved and thus a longer lifetime will be achieved. Therefore, the operator (or owner) of smart sensing devices should set a time slot threshold to guarantee a basic data rate of each smart sensing device. Also, once a charger determines its charging objects, it must ensure that its charging time is not lower than the time slot threshold.
From the point of view of a smart terminal acting as both a charger and a forwarder, it wants to collect more perceived data from its serving objects and forward them to the data center so that it can get more returns, where the time slot threshold set by the operator (or owner) of smart sensing devices should be met. Although the existing ''HarvestThen-Transmit'' protocol [10] can inspire our design, it is very difficult to get a closed-form solution by solving the throughput maximization problem with the time slot constraints.
In addition, the existing two approaches based on the ''Harvest-Then-Transmit'' protocol cannot be directly applied to our design. The sum-throughput maximization approach has no time slot constraints, which will make the smart sensing device with poor channel gain have very low data rate. The common-throughput maximization approach ensures that each smart sensing device has the same data rate at the expense of the reduce of the total data rate. Therefore, we address these problems in this paper, and main contributions are listed as follows.
1) We divide the single charging time slot in the ''HarvestThen-Transmit'' protocol into the two charging time subslots, and also split the group of data transmission time slots in the ''Harvest-Then-Transmit'' protocol into the two subgroups, where each charging time sub-slot and each subgroup of data transmission time slots interleave each other to form a transmission interval with a fixed length in the ''Harvest-Then-Transmit'' protocol. The smart sensing devices with the similar channel gain values between them and a smart terminal acting as both a charger and a forwarder are assigned to the same subgroup. A subgroup of members will get a subgroup of data transmission time slots after a charging time sub-slot, where each member will only use a time slot to send its data. Due to the small channel gain differences among the members in the same subgroup, the advantage of the sum-throughput maximization approach can be brought into full play and the disadvantage can be avoided.
2) We formulate the non-cooperative game for a set of smart terminals acting as both chargers and forwarders, where each smart terminal is rational and self-interested such that it only wants to maximize its own benefits. Since a smart terminal needs to forward the collected data to the data center to really get returns, it needs to divide its total transmission power into the charging power and the data transmission power. For a smart terminal, its data transmission time needs to be subdivided into two parts, where one part is used to forward the collected data (i.e., a forwarding slot), and the other part is used to send its own data (i.e., a transmission slot). Therefore, the power division and slot allocation of a smart terminal should be very reasonable so that it can maximize the benefits under the constraints of its maximum transmission power and given transmission interval. Our scheme can achieve the reasonable power division and transmission slot allocation for each smart terminal acting as both a charger and a forwarder.
The rest of this paper are organized as follows. The related works are outlined in Section II. The system model and the problem statements are described in Section III. The design details for the algorithms with respect to the proposed incentive scheme are presented in Section IV. The simulation results are analyzed in Section V. Finally, this paper is summarized in Section VI.
II. RELATED RESEARCH
In this section, we mainly introduce the existing works regarding dynamic charging applications in ubiquitous sensing scenarios. The authors in [10] explored a wireless powered communication network, where one hybrid access coordinates the wireless energy/information transmissions to/from a set of distributed rechargeable sensor nodes. They proposed the sum-throughput maximization approach and the common-throughput maximization approach based on the ''Harvest-Then-Transmit'' protocol.
The authors in [11] proposed a wireless charging system for rechargeable sensor networks, which can extend the network lifetime through the energy transfer from a charging robot to rechargeable sensors. The authors in [12] proposed an energy harvesting strategy from a dedicated energy source, which can consider the practical constraints on both the energy source and the energy harvesting device to minimize the system energy consumption.
For the low-manufacture-cost sensing devices, since energy harvesting and information transmission cannot occur simultaneously, the authors in [13] focused on the design challenge of optimally scheduling sensing devices' operation states (e.g., working or recharging), and proposed a state scheduling algorithm to schedule each sensing device to the desirable state according to its energy level.
The authors in [14] explored a smartphone charging scheme, which can extend continuing operation time for a smartphone by wireless energy transfer. They formulated the charging satisfaction problem as an optimization problem, where the limited number of wireless chargers is scheduled to charge energy-constrained smartphones.
The authors in [15] focused on the electromagnetic radiation exposure problem when the power of chargers are scheduled to wirelessly power a set of rechargeable devices. Its goal is that the charging utility for all rechargeable devices is maximized while the expected electromagnetic radiation value does not exceed a given threshold value.
The authors in [16] considered a wireless rechargeable sensor network, where a mobile charging vehicle is scheduled to wirelessly power sensor nodes. They considered the impact of charging distance and angle on charging efficiency, and explored the tradeoff between the charging distance and the angle.
The authors in [17] considered both deterministic and nondeterministic factors to explore cooperative charging technologies for large-scale wireless rechargeable sensor networks, where energy can be transferred from wireless charging vehicles to sensors. They developed a primary and passer-by scheduling algorithm for on-demand charging architecture.
The authors in [18] proposed a mixed partial and full charge scheme, which consists of evaluation module, adjustment module, and selection module. This scheme allows sensor nodes to be replenished ''partially'' by a mobile charging vehicle, which avoids having to refill the battery for a long time in some cases.
The authors in [19] proposed a joint channel assignment and stochastic energy management scheme, which can optimize the long-term network utility in radio frequency powered orthogonal frequency-division multiple accessing wireless sensor networks.
The authors in [20] explored a joint data gathering and energy harvesting problem in rechargeable wireless sensor networks with a mobile sink, where a far-relay approach is proposed to select the sensor nodes closer to the path to assist the data transmission of the farther sensor nodes, and a near optimal buffer-battery-aware adaptive scheduling scheme is proposed to utilize the run-time status of the data buffer and battery.
The authors in [21] proposed joint routing and charging algorithm, where a mobile charger traverses the rechargeable sensor nodes one by one and wirelessly powers each one according to its energy consumption rate.
The authors in [22] proposed the double preemption charging scheme with the double warning thresholds. When a rechargeable sensor node has the residual energy level less than a certain threshold, the double warning thresholds are adopted, which can be used to adjust charging priorities of different rechargeable sensor nodes, warn the upcoming recharge deadlines, as well as support preemptive scheduling.
The authors in [23] proposed a crowd-charging model, which leverages crowdsourcing to ensure sufficient available energy resources. The key to this work is how to motivate mobile users carrying smart devices to participate in crowdsourcing to charge rechargeable sensors. Therefore, the authors adopted the monetary energy revenues and the bonus game to entertain participated users to achieve this goal.
Unlike the above works, we focus on how to motivate smart terminals to firstly provide recharging service, and then collect the data from the recharged sensing devices, and finally forward the collected data to the data center. Our goal is that some smart sensing devices can transmit the perceived data by using the harvested energy and thus save their own energy and prolong their working lifetime.
III. SYSTEM MODEL AND PROBLEM STATEMENT A. NETWORK MODEL
We consider a micro cell with a Small Base Station (SBS) located at its center, where there are a large number of smart sensing devices and smart terminals shown in Figure 1 . As stated in the introduction, when a cell-edge smart sensing device reports its perceiving data to the data center via SBS, it will not only consume more of its own energy, but also may cause higher inter-cell interference. Therefore, it is necessary to motivate some smart terminals with high battery capacity to act as Virtual Hybrid Access Points (VHAPs), which will coordinate the wireless energy/information transmissions to/from a set of distributed smart sensing devices.
Each smart sensing device is equipped with a rechargeable battery and thus can harvest and store the wireless energy broadcast by the VHAP. The harvested energy is used by the smart sensing device to send its perceiving data to the VHAP. After that, the VHAP forwards the received data to the SBS. Therefore, this method not only saves the energy of smart sensing device itself, but also helps to reduce the inter-cell interference.
We assume that each VHAP is equipped with all the common types of wireless interfaces (e.g., LTE and Bluetooth) while each smart sensing device is equipped with at least one Bluetooth interface. In addition, in order to access cellular networks, all the smart sensing devices should be equipped with at least one LPWA interface (e.g., GPRS or NB-IoT).
Furthermore, it is assumed that each VHAP and all the smart sensing devices served by it operate over the same frequency band and adopt Bluetooth interface for wireless energy/information transmissions. In addition, each smart sensing device has priority to use the harvested energy from its associated VHAP in the downlink to transmits its information to this VHAP in the uplink. In general, the operator of the smart sensing device gives priority to encouraging the smart terminals outside the radius R th to act as VHAPs, which is helpful to improve the lifetime of cell-edge smart sensing devices.
In general, each smart sensing device (e.g., i, 1≤ i ≤ n) adopts the fixed number of subcarriers to communicate with the SBS (e.g., s). If it can be served by the smart terminal acting as a VHAP, the money that should have been paid for the subcarriers is saved, and thus it can be used to reward this VHAP. Furthermore, the operator (or owner) of smart sensing devices can increase the share of rewards if necessary. If a VHAP (e.g., j, 1≤ j ≤ m) serves one smart sensing device, it is rewarded with one resource block in principle, which is denoted as B (e.g., 180 KHz). Therefore, when it serves x j smart sensing devices, it should obtain x j · B in principle. In fact, this VHAP needs to compete with other VHAPs, where the actual obtained frequency resources may be more than x j · B or less than x j · B according to its forwarding data for x j smart sensing devices.
B. TIME-SLOTTED SCHEME IN ''HARVEST-THEN-TRANSMIT'' PROTOCOL
Due to the limitation of the number of wireless interfaces, the communication time is divided into even intervals with a constant length T . For the communication between a set of smart sensing devices and a VHAP, we divide each transmission time interval T as a downward slot (i.e., τ 0 · T ) and multiple upward slots (i.e., τ i · T , 1≤ i ≤ n) based on Time Division Multiple Access (TDMA), as shown in Figure 2 . The downward slot is assigned for a VHAP to broadcast wireless energy to its serving smart sensing devices, while the upward slots are assigned for information transmissions, during which the smart sensing devices transmit their independent information to the VHAP in a TDMA manner.
Since τ 0 , τ 1 , . . . , τ n denotes the time portions in each transmission time interval T allocated to the VHAP and its serving smart sensing devices DE 1 , DE 2 , . . . , DE n for energy transfer in downlink and information transfer in uplink respectively, which satisfies the following relation.
(1)
C. TIME-SLOTTED SCHEME FOR A VHAP IN DATA TRANSMISSION
In view of the limited number of each VHAP's cellular interfaces, the TDMA mode is adopted to reuse the actual frequency resources obtained by this VHAP, where the goal is to achieve the balance between forwarding the others' data and sending its own data. As shown in Figure 3 , for the communication between a VHAP (e.g.,j, 1≤ j ≤ m) and its associating SBS, we divide each transmission time interval T as the two time slots: a time slot (i.e., during the α· T time and 0< α <1) is used to send its own data over the frequency band ξ j · W , while the other one (i.e., during the (1-α)· T time) is used to forward the data of the cell-edge smart sensing devices over the same frequency band. In Figure 3 , W is the total spectrum resources provided by the operator (or owner) of smart sensing devices to reward all the VHAPs (i.e., m), which satisfies the following relation.
ξ j represents the proportion of total spectrum resources W allocated to the VHAP j. As mentioned, the value of ξ j depends on the amount of data that can be forwarded by the VHAP j.
D. WIRELESS SIGNAL PROPAGATION MODEL
In this paper, it is assumed that both the downlink and uplink are quasi-static flat-fading, where channel gains remain constant during each transmission interval T , but can vary from one interval to another. It is further assumed that each VHAP knows channel gains perfectly at the beginning of each interval. Without loss of generality, we assume a normalized unit interval T = 1 in the sequel for convenience, where we can use both the terms of energy and power interchangeably. When a VHAP j works in the wireless power transfer mode, the power harvested by a smart sensing device i can be estimated as follows.
In (3), p t j,i and p r j,i denote the charging power at the VHAP j and the harvested power at the smart sensing device i respectively; ρ j,i and g j,i represent the efficiency coefficient of power conversion and the channel power gain between j and i respectively. For the sake of simplicity, ρ j,i is treated as a constant (e.g., ρ) in the sequel of this paper. When a VHAP j works in the wireless information transmission mode, the information rate b j,s decoded by the SBS s can be estimated as follows.
In (4), p t j,s denotes the transmission power at the VHAP j; g j,s represents the channel power gain between j and s; σ 2 s represents the noise power around the SBS s. Also, when the smart sensing device i sends its data to the VHAP j, the information rate b i,j decoded by the VHAP j can be estimated as follows.
In (5), p t i,j denotes the transmission power at the smart sensing device i; g i,j represents the channel power gain between i and j; σ 2 j represents the noise power around the VHAP j; H represents the communication bandwidth between i and j (e.g., 2 MHz).
E. THROUGHPUT MAXIMIZATION BASED ON ''HARVEST-THEN-TRANSMIT'' PROTOCOL
When a VHAP (e.g., j) adopts p c j to wirelessly power a set of smart sensing devices, the amount of energy harvested by each smart sensing device (e.g., i) in the downlink can be expressed as follows (assuming unit transmission interval, i.e., T = 1).
In (6), E i,j is the amount of energy harvested by the smart sensing device i from the VHAP j, while p c j denotes the charging power of the VHAP j. After the smart sensing device i replenishes its energy during the downlink phase, it transmits its independent information to the VHAP j in its allocated time slot τ i in the subsequent uplink phase. It is assumed that, at each smart sensing device, a fixed portion of the harvested energy given by (6) is used for its information transmission in the uplink, denoted by κ i for DE i , 0 <κ i ≤ 1. Therefore, the average transmission power based on the harvested energy for DE i is estimated as follows.
In this paper, we assume κ i = 1, ∀i. Therefore, in the sequel, all the energy harvested at each smart sensing device is used for its uplink information transmission. Based on (5)∼(7), the achievable uplink throughput of DE i in bits/second (bps) can be expressed as follows.
In (8), τ = [τ 0 , τ 1 , . . . ,τ i , . . . τ n ], and ϑ i,j is expressed as follows.
From (8), it is observed that b i,j (τ ) increases with τ 0 for a given τ i . In addition, it can also be shown that b i,j (τ ) increases with τ i for a given τ 0 . However, τ 0 and τ i cannot be increased at the same time given their total time constraint in (1). Therefore, there is an optimal time allocation (i.e., τ * 0 ) to maximize the throughput. when τ 0 is less than τ * 0 , the throughput increases with τ 0 . Otherwise, it decreases with τ 0 . For n smart sensing devices, if we do not guarantee the basic data rate for each individual, the total throughput optimization result will lead to the ''doubly near-far'' phenomenon described in [10] . In addition, the result obtained by the common-throughput maximization method in [10] is further away from the optimal value. From (8), the sumthroughput of all the n smart sensing devices is given as follows.
b sum,j (τ ) is a function of the time allocation vector τ . Therefore, the sum-throughput maximum problem based on time slot threshold constraint is formulated as follows.
According the proof of Lemma 3.1 in [10] , it is easy for us to know that b i,j (τ ) is a concave function of τ for any given i ∈ {1, 2, . . . , n. Following this, b sum,j (τ ) is also a concave function of τ since it is the summation of b i,j (τ ). Therefore, (11) is a convex optimization problem, and thus can be solved by convex optimization techniques. The Lagrangian of (11) is given as follows.
where ς ≥ 0 and ζ = [ζ 0 , ζ 1 , . . . ,ζ i , . . . , ζ n ] denote the Lagrange multipliers associated with the constraints in (11) . The dual function of (11) is thus given as follows.
where is the feasible set of τ specified by the constraints in (11) . It can be shown from (11) that there exists a τ ∈ with τ i > τ th (i ∈ [0, n]), satisfying n i=0 τ i < 1, and thus strong duality holds for this problem thanks to the Slater's condition [24] . Since (12) is a convex optimization problem for which the strong duality holds, the Karush-Kuhn-Tucker (KKT) conditions are both necessary and sufficient for the global optimality of (13), which are given as follows.
where τ * i , ς * and ζ * i denote the optimal and dual solutions of (13), respectively. We want that n i=0 τ * i is equal to 1. Therefore, without loss of generality, we assume ς * > 0 to meet (15) . Also, we want that τ * i should not be less than τ th . For some smart sensing devices, their transmission time slots are indeed greater than τ th , so the corresponding Lagrange multipliers have to be 0 to meet (17) . However, there may be cases that some smart sensing devices' transmission time slots are equal to τ th , and thus the corresponding Lagrange multipliers should not be 0 according to the KKT conditions, to which it is difficult to find a closed-form solution. In order to get a closed-form solution for (13), we set ζ * i = 0, i ∈ [0, n], which turns (13) into the sum-throughput maximization problem in [10] . From (18) , it follows that 
can be expressed as follows.
In ( 
F. SMART SENSING DEVICES GROUPING AND IMPROVED TIME-SLOTTED SCHEME IN ''HARVEST-THEN-TRANSMIT'' PROTOCOL
To take advantage of the advantage of the sum-throughput maximization approach and avoid its disadvantage, we need to group the smart sensing devices in the area covered by a VHAP. As shown in Figure 4 , based on the principle of proximity to the VHAP, all the smart sensing devices are divided into the two groups: the core group and the outer group.
According to the grouping of smart sensing devices in the area covered by a VHAP j, the corresponding time-slotted scheme in the ''Harvest-Then-Transmit'' protocol is improved in Figure 5 .
The time slot parameters τ 0 , τ 1 , . . . ,τ i , . . . τ n in Figure 5 (a) will be get by using the sum-throughput maximum approach, where all the smart sensing devices in the area covered by the VHAP j are regarded as the members of the same group. After getting the values of τ 0 , τ 1 , . . . ,τ i , . . . τ n , and the smart sensing devices in the core group and the corresponding number (e.g., k), we can get the subintervals of each group, where T = T + T .
When the time-slotted scheme in Figure 5 is adopted, we assume that the core group should firstly execute the ''Harvest-Then-Transmit'' protocol. Therefore, in the core group, each smart sensing device (e.g., i ) will get the Bluetooth interface data rate during the first subinterval T of the transmission interval T , which can be estimated by the following formula.
In (23), τ = [τ 0 , τ 1 , . . . ,τ i , . . . τ k ]. Also, in the outer group, each smart sensing device (e.g., i ) will get the Bluetooth interface data rate during the second subinterval T of the transmission interval T , which can be estimated by the following formula.
In (24), τ = [τ 0 , τ k+1 , . . . ,τ i , . . . τ n ]. For each smart sensing device (e.g., i ) in the outer group, it will get the cellular interface data rate during the first subinterval T of the transmission interval T , which can be estimated by the following formula.
For each smart sensing device (e.g., i ) in the core group, it will get the cellular interface data rate during the second subinterval T of the transmission interval T , which can be estimated by the following formula.
During the transmission interval T , the contribution of VHAP j can be measured by both the total Bluetooth interface data rates and the total cellular interface data rates of the smart sensing devices in its coverage area, which can be estimated by the following formula.
G. GAME FORMULATION AND THEORETICAL ANALYSIS FOR VHAPS
Each VHAP is rational and self-interested, and it only wants to minimize its forwarding time shares and maximize its own data transmitting time shares. So, in the proposed noncooperative game for the VHAPs, the m VHAPs are the game players, and they independently decide their game actions based on their game utility values (i.e., their own data rates to the SBS), where each VHAP determines the forwarding time allocation and data transmitting time allocation under the constraint of the total transmitting time interval (i.e., T = 1). For any VHAP (e.g., j), its utility is described as follows.
In (28), p d j and p max j are the VHAP j's data transmitting power and its maximum power, respectively; φ is treated as the contribution from a fictitious selfless smart terminal and usually set to a constant (e.g., 0.05), where its purpose is to prevent the game players from colluding to cheat; ξ j is the contribution ratio of the VHAP j's forwarding the data of the cell-edge sensing device; α j represents the VHAP j's own data transmitting time shares. VOLUME 7, 2019 It should be noted that each player's utility depends on not only the strategies of the other players (i.e., p d −j ) but also its own strategy (e.g., α j ). Therefore, when the strategies of the other players are given, the solution to the following optimization problem (29) will be the best response strategy for the VHAP j. That is, the VHAP j needs to find the optimal values for 1−α j and p d j to offer data forwarding service for its serving cell-edge sensing device to maximize its own revenue, which can be obtained by solving the optimization problem (29).
Clearly, the optimization problem (29) can be converted to an equivalent binary function of p d j and α j . However, it is difficult to get the optimal solution { p d * j , α * j }. According to [24] , the bivariate optimization problem can be decomposed into the two univariate optimization problems, which can be solved separately to obtain the suboptimal solution
Thus, it is easy to prove that the optimization problem (29) always has the suboptimal solution { p d * j , α * j }. Firstly, let α j be a fixed value, the net utility function defined in (28) is a concave function with respect to p d j since is always more than 0. Although the larger value of α j will lead to the greater benefit of the VHAP j in theory, it must be constrained by the third relational expression in the formula (28) (i.e, the formula (28-3)). That is, it must ensure that the sufficient resources are used to forward the data of smart sensing devices. Since they are both transcendental equations, we will design an iterative algorithm to solve them in the following text.
IV. ALGORITHM DESIGN FOR THE PROPOSED SCHEME
Based on the above theoretical analysis, we give the detailed algorithm design of the proposed incentive scheme in the following text. The fast solving of the function f z * j = A j is the basis of the whole scheme, where no specific algorithm description is given in [10] . Therefore, we propose a pseudocode description for the fast solving of this function, which is denoted as Algorithm 1 in a pseudo-code manner.
In Algorithm 1, firstly let z j be 1, and compute the value of f z j = z j · ln z j − z j + 1. If f z j is less than A j and there is a significant difference between them, z j continues to increase with step size 1 (see lines [1] [2] [3] [4] [5] . Otherwise, if f z j is more than A j and there is still a significant difference between them, the interval of the solution of the f z * j = A j is determined (see lines 6-7). Then the binary method can be used to quickly find the solution of this function (see lines
Go to 2 6: Else if A > A j and A−A j > ε then 7: max = z j ; min =z j − 1 8:
While |max − min| > ε do 9:
End while 13:
z * j = z j and return z * j 14: End if 15: z * j = z j and return z * j 8-12). With Algorithm 1 as the basis, the optimization of time slot allocation vector solving process can be much more convenient, which is described in Algorithm 2.
Algorithm 2 Solving τ
Input: x > 1; the individual information for x smart sensing devices Output:
A j = A j +ϑ i,j ; i = i + 1 4: End while 5: Get z * j by invoking Algorithm 1 6:
For a VHAP j, when it obtains the slot optimization allocation vector (i.e., [τ * 0 , τ * 1 , . . . ,τ * i , . . . , τ * n ]) within its serving region, it can count its contributions, which is denoted as Algorithm 3 in a pseudo-code manner.
According to its own contributions, each VHAP completes with the other VHAPs for free spectrum resources (i.e., W ). Each VHAP determines its power division and transmission slot allocation by running Algorithm 4, where the purpose is to maximize its own utility.
In Algorithm 4, after initializing p d j and α j , the VHAP j can get its initial contribution value by invoking Algorithm 3 (see lines 1-2). In order to facilitate the statistics of the contribution values of all the VHAPs, we require each VHAP Get
. . τ n ] by invoking Algorithm 2 9: Get the sum of the Bluetooth interface data rates according to the formula (27-1) 10: Get the sum of the cellular interface data rates according to the formula (27-2) to report its contribution value to the SBS that accumulates the received values and feedbacks the accumulated result to each VHAP (see line 3). After that, if the VHAP j receives the updated accumulated value from the SBS s, it performs the operations in lines 5-28, where the suboptimal p d j is firstly solved under the premise of the fixed value for α j (see lines [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and then the suboptimal value for α j is solved based on the obtained suboptimal p d j (see lines [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ). In lines 6-14, the dichotomy is used to speed up the solution of the optimization problem (29), while the similar method in Algorithm 1 is applied to lines 15-27.
V. PERFORMANCE EVALUATION A. EXPERIMENTAL PARAMETER SETTINGS
In our simulations, the scenario similar to Figure 1 is adopted, where the micro cell network consists of one SBS and a set of smart nodes (including sensing devices and smart terminals). For simplicity without loss of generality, we assume that the six evenly distributed smart terminals that are equidistant from the SBS are selected to act as VHAPs, where the coverage of each VHAP is divided into the two sections shown in Figure 4 .
In order to ensure that each smart sensing device served by a VHAP can obtain a satisfactory data transmission time slot, the upper limit of the number of the served smart sensing devices should be set to a fixed value (e.g., 20) .
Based on the application scenario for the ''Harvest-ThenTransmit'' protocol in our simulations, it is reasonable to assume that RF energy/information transmission follows the free space model or the two ray ground model in [25] . For simplicity, we assume that the two-way channel gains (e.g., g j,i and g i,j ) based on TDMA are the same. Therefore, g j,i can Compute ξ j according to the formula (28-2) 10: be estimated by the following formula.
where d j,i is the distance between a sender j and a receiver i. The meanings and values of the other parameters in (30) as well as some other simulation parameters are listed in Table 1 . The goal of our simulations is to verify the effect of the proposed incentive architecture. It involves two aspects, where one is the lifetime improvement degree of the smart sensing devices and the other is the income of the VHAPs. In our simulations, the values estimated by the formula (27) are used to indirectly measure the lifetime improvement degree of the smart sensing devices, since the larger estimated values are more helpful to save the smart sensing devices' own energy. The income of the VHAPs is estimated by the formula (28-1).
B. EXPERIMENTAL RESULTS AND ANALYSIS
Firstly, the four simulations are shown in Figure 6 ∼ 9, where we mainly evaluate the performance of our scheme under the several different parameter combinations. Then, the other four simulations are given in Figure 10 ∼ 13, where we compare the performance of the several different schemes. For the sake of description, our scheme is called Scheme One, while the sum-throughput and common-throughput maximization approaches in [10] are called Scheme Two and Scheme Three respectively.
From Figure 6 , we can see that the scheme with the more members in the core group (i.e., the larger k/n) performs better. Furthermore, the more recharging time (i.e., the larger η) in the core group leads to the better performance. This is because with the increase of k/n and η, our scheme is closer to the sum-throughput approach, which is conducive to global performance optimization though it will sacrifice the performance of some individual sensing devices.
This phenomenon indicates that the reasonable tradeoff between global performance and individual performance can be achieved by selecting the appropriate parameter combination. In addition, we observe that the performance gets better as the number of smart sensing devices in a fixed region increases. The main reason is that a VHAP has more chance to select the smart sensing devices with the better channel quality with the increase of smart sensing devices. Therefore, it is beneficial to both recharging efficiency and information transmission efficiency, where a sensing device itself saves more energy and thus has a longer working lifetime. Figure 7 shows the opposite trend from Figure 6 . This is because the lifetime improvement of the smart sensing devices is positively correlated with the recharging power and data forwarding power provided by their associating VHAP. The longer lifetime means that this VHAP needs to pay more, so its income is decreasing. If all the VHAPs colludes to provide a small amount of power for their serving smart sensing devices, it would be beneficial for them to increase their incomes. However, as mentioned before, we set up a virtual selfless node to prevent this case from happening. Figure 8 shows the variation trend of average lifetime improvement degree with channel noise power. As shown in Figure 8 , when channel noise power is very large, the performance difference for our scheme under the several different parameter combinations is very small. This is because the very high noise power makes the energy efficiency of data transmission very low, which makes the effect of parameter adjustment very small.
From Figure 9 , we can see that when channel noise power is very large, average income of VHAPs is hardly zero. The main reason is that the energy efficiency of data transmission are very low, and thus almost all of the spectrum resource W is allocated to the virtual selfless node. At the same time, we also observe that when channel noise power is very small, the best performance is not achieved. This phenomenon can be explained as follows. On the one hand, when channel noise power is very low, the energy efficiency of data transmission is relatively high, which is conducive to the lifetime improvement, as shown in Figure 8 . On the other hand, the longer lifetime of smart sensing devices means that their associating VHAP needs to pay more, which is not conducive to increasing the income of VHAP, as shown in Figure 6 and 7. Therefore, when channel noise power is within an appropriate range, the above two factors can be balanced and thus the VHAP can achieve a good income.
The smaller variance of VHAPs' incomes means the better fairness among all the VHAPs. As shown in Figure 10 , in this regard, Scheme Three performs best. By adjusting the parameters, Scheme One can approach Scheme Two or Scheme Three. As a result, Scheme One shows great flexibility. That is, a good performance tradeoff between Scheme Two and Scheme Three can be achieved by a reasonable grouping and a suitable combination of parameters. Figure 11 shows that average variance of VHAPs' incomes varies with channel noise power for the several different schemes, where the larger channel noise power leads to the smaller performance gap among all the schemes. This phenomenon can be explained as follows. According to Shannon theorem, when the transmitting power is constant, the data rate will decrease significantly with the continuous increase of channel noise power. Therefore, the ''doubly near-far'' phenomenon of Scheme Two gets unobvious. The variation of channel noise power does not affect the performance variance of Scheme Three since it aims at optimizing common throughput. Scheme One can mitigate the effect of the ''doubly near-far'' phenomenon by grouping, but it is also affected by the variation of channel noise power.
From Figure 12 , we see that Scheme One has the smaller gap between the maximum lifetime improvement degree and minimum one and thus has the better fairness. Also, we observe that when the number of smart sensing devices in a fixed region is high, Scheme One shows good fairness. That is, the minimum life improvement degree of Scheme One is better than that of Scheme Two and also the gap among all the smart sensing devices in Scheme One is smaller than that in Scheme Two. However, when the number of smart sensing devices in a fixed region is small, the minimum life improvement degree of Scheme One is worse than that of Scheme Two. This is because the benefits of grouping are not enough to offset the cost. This cost is mainly reflected in that the energy harvested by any member of one group during recharging slot in another group can only be used over a long cellular link, which will result in a lower data rate. Figure 13 shows that that the gap between the minimum values of the two schemes shrinks faster than that between their maximum values as channel noise power increases. This phenomenon is also easily explained by Shannon theorem. That is, the smart sensing device that obtains the minimum lifetime improvement value is usually the one that harvests the minimum recharging power. So the data rate of such a sensing device will probably approach 0 most quickly with the increasing channel noise power. 
VI. CONCLUSIONS
A large number of smart sensing devices are limited by the battery capacity, but rechargeable smart sensing devices can get energy supplement by employing wireless energy harvesting and thus are expected to get rid of this limitation. In this paper, we propose a novel incentive architecture to incentivize the smart terminals with high battery capacity to firstly charge the smart sensing devices with limited battery capacity and then provide data forwarding service for them. The purpose is to both make these smart terminals get satisfactory return and prolong working lifetime of cell-edge smart sensing devices.
Toward this end, we design an improved time-slotted scheme in the ''Harvest-Then-Transmit'' protocol based on smart sensing devices grouping, which can provide a reasonable tradeoff between individual throughput and overall system throughput. Also, we further propose the non-cooperative game for the smart terminals acting as both a charger and a forwarder, which is proved that there is an optimal solution in theory. However, since it is a binary transcendental equation, we design an iterative algorithm based on dichotomy to get the suboptimal solution. Finally, we conduct extensive simulations and demonstrate the effectiveness of our incentive architecture with the numerical results. 
